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(57) ABSTRACT

Provided is a strain sensing device using reduced graphene
oxide (R-GO). The strain sensing device includes a flexible
substrate, a gate electrode formed on the flexible substrate, a
gate insulating layer configured to cover the gate electrode
and include a part formed of a flexible material, an active layer
formed of R-GO for sensing a strain, on the gate insulating
layer, and a source and drain electrode formed on the active
layer.

8 Claims, 14 Drawing Sheets




US 9,291,513 B2

Sheet 1 of 14
PG

Mar. 22, 2016

U.S. Patent

e o= Pced e
Pt ] 4 Laat £
oy s Fais) s
o 5% posce T
o 3] I i
i B Ly e
s % .
e Vi s e

[
1 o
o 4
L, .
£
A T
-
e
bade prid i
“ ~, bbbl “\A\A
ot fooer o b
ket 2! = =
e o v i
s - Py . i
Y it o P b
b i = & &
i L s i
& i
L5
e
Piood
o
fod) i
H i
[
Lh
o
. 5 R vl
<> Ls, < L 55
b saaat ™4 S N -
o £ L e
g e i il e
Iy e s Ty
I
el
0
..... s -
e T LA




US 9,291,513 B2

Sheet 2 of 14

Mar. 22, 2016

U.S. Patent

7t
1,

%

4

o

B

G,

¥

H

e

24

X

10

N

7

vy

",

M

"\ %

-
20

1G.

[

3




U.S. Patent

Mar. 22, 2016 Sheet 3 of 14

FI1G, 20

=y
Y

wrsrcer.

H -
o, N o
BN { -
~ ~. % e

Ao

hY

prrrresgs s,
/

4

FIG. 2F

US 9,291,513 B2



U.S. Patent

Mar. 22, 2016 Sheet 4 of 14

FIG. 26

3

Nl

FIGL 2H

AN
SRS L

NN

&

US 9,291,513 B2



US 9,291,513 B2

Sheet 5 of 14

Mar. 22, 2016

U.S. Patent

y

3
RN

G,

.




US 9,291,513 B2

Sheet 6 of 14

Mar. 22, 2016

U.S. Patent

fatnd -
= [

[ e
" [
e
42 e’
2% s
o . o
. % = [t
o 7 e o
4 . P k]
4 P 7 <3 -
P S “ 4 fad
: ’ H Eaasl oo
Y : ; ; ; e v ! h 7
o] i : i i ; . P P
R H ; P ¥ . H 4 et ..._sa\ H B 1
; i i ; ; / i . i : £
et ; ; ; i ! ! , i i Fostesd i ; i )
) A 7 -
ki
4 I s i 7
4 e / / > -
7 ; s
s d 7
e
. 8 e -
-
. L
de o - <
- B} e e
% - ‘ -
B L :
L
s 7 ; ] ” preo o
t ¢ ¢ ¥ { 3 7 fisrd

rCol

et




US 9,291,513 B2

Sheet 7 of 14

FiG, 4

Mar. 22, 2016

U.S. Patent

<
g \
R 4
v Gy
£ ;e
it
n.\B\v .
g
o
3 o
-~ c
Pag ey
e
fise s
- Sl
fz o
-
s
4]
—
o
P
B
7 ”
o)
v
ks resenn
e e
- W e a5
e s
b o
e e
% [
e .



US 9,291,513 B2

1G

g?‘

Sheet 8 of 14

O

ey
va?

o

oo

£

Mar. 22, 2016

U.S. Patent

43

P

£
g

-

Tt




US 9,291,513 B2

. BA

£l

TG

3

13

Sheet 9 of 14

Mar. 22, 2016

U.S. Patent

S,

= ¥

= o
. e

% A
S A

. 8B

g % L

¥

’,‘}‘(‘

£

ST,

” Y. \\\\C\\ \ E\.‘\\\m.
L R ; Y
e 840

B
S

&0

; : [ ) ? H H

- e fap] b 7 Ny £7% F]

2 i L v L 24 Gt

/ G 4o 2] / s P! 5

3 s o #5] : < € £

£ g . f o . . :

P, » e Ea Lo m.umm o e spees
(annd e




US 9,291,513 B2

Sheet 10 of 14

FI1G. 9A

Mar. 22, 2016

U.S. Patent

0

e ety \\ R Pporsorenseriie \,n.H....‘,...itt,.:..\:,\n\.ﬁ\m. 7
>mxzmw 4 & 7 M~

o

5\“&“
o

e 7 e

o M \\ \\ 1L

ks

S o .
heer P
.N\.M L G 3

= oy

i

TiVe

4 P - -

e it w\.\x 2 :

s . B wow g s
ow P TN @

) 7% mk SIIVIII uRS.
- . i . r“\ ~

‘ S
i 3
b 3
§ %
3 A
i

N\

o

Py

£

Rt
o

B

P

5 g u w \ _ )
e & 5 23 i o,
(4] (7 Ey 53 Lt 5 -2

o < P “ > o

rrres %
e M
[ 2l
P (9]

e 2

Pz prid



US 9,291,513 B2

Sheet 11 of 14

Mar. 22, 2016

U.S. Patent

A

FIG. 10

o gt a3

“~
3

P R

)

2
%
Z
A
Z
%

g
S
St

¥

e
(%

ey
S

20

o

G. 10B

Fl

A o
o ] ) ]




US 9,291,513 B2

Sheet 12 of 14

Mar. 22, 2016

U.S. Patent

1A

5.

FIG

b o
A
m fwd uu.w =

w 2 %

by

N
N
N

rrreoseriry;

i

PR ks iy,

oW W W ow

R

S

an
X3
LA

2

s
ps

0
$ TN
o \ -
LE A
3

Nertt

o

3]
$

jov]

3
7
P

L 1B

G

Bl

bandin

5

RECR

gose

28

&-\x‘-‘

b

o



US 9,291,513 B2

Sheet 13 of 14
FIG. 11O

o
T

B
v

A

&a

I

&
X%
B
S8
bt

\! &
T

PR -~

WL
A
IG5
R R
g

fag

Y

r
Gid
i'}:.
§<§

e

B
R S 3
=

Horssserrcciinirss

£
S

v ?.};.
=
X
i
H

o

G
a
Loy

shding
a

a0

fo by
A

R

£

3

FIG, 11D
i
1
o3

Mar. 22, 2016

U.S. Patent

? ? : f i ? :
Py 414 G 2% S 55 ot z, 22
¢ [ L {5 H w3 [ Ca B >

s v e £ T v v

143 Lo

(Y] £}

?.
5
S
\m vba M M
Y e
o
fore P
P Lo
B

A



US 9,291,513 B2

Sheet 14 of 14

Mar. 22, 2016

U.S. Patent

&G

3

SRRC R

SRS S TR

kS

ORIV

/

ST Y. ST

&

1
&3




US 9,291,513 B2

1
STRAIN SENSING DEVICE USING REDUCED
GRAPHENE OXIDE AND METHOD OF
MANUFACTURING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 U.S.C. §119 to
Korean Patent Application No. 10-2013-0033909, filed on
Mar. 28, 2013, the disclosure of which is incorporated herein
by reference in its entirety.

TECHNICAL FIELD

The present invention relates to a strain sensing device
using reduced graphene oxide and a method of manufacturing
the same.

BACKGROUND

Very sensitive strain sensing devices are greatly needed for
monitoring a state of a structure, such as an expressway, a
building, a bridge, an airplane, a ship, or the like, or for early
detecting a defect that occurs in an extreme situation such as
a natural disaster such as earthquake, typhoon, or the like.
Therefore, piezoelectric elements such as lead zirconate
titanate (PZT), ZnO, and ZnSnO; are being researched.

However, most of piezoelectric elements are fragile
ceramic materials, and are difficult to be used as a flexible
strain sensor. A special manufacturing process is mainly
needed for forming a piezoelectric element on a flexible sub-
strate.

As a stimuli-responsive device, a touch sensor array in
which a PVDF copolymer (a piezoelectric material) is used as
a material of a sensor and a field-effect transistor (FET) is
used as a signal converter is disclosed (Bauer et al., Appl.
Phys. Lett. 2006, 89, 073501). In disclosed research, the
touch sensor array operates in a scheme where a gate of an
FET extends to thereby be connected to a piezoelectric ele-
ment that is a sensor, and thus, the FET amplifies a signal at
the same time with sensing.

Anotherresearch (Someyaet al., PNAS, 102, 12321, 2005)
discloses an array structure into which an OTFT-based pres-
sure sensor using a piezoresistive electrode and a separate
temperature sensor are integrated, and which simultaneously
senses a temperature and a pressure.

However, when using a structure in which a sensor and an
FET signal converter are split from each other, there are many
problems such as a density of sensor pixels being limited, a
manufacturing process being complicated, etc.

SUMMARY

Accordingly, the present invention provides a strain sens-
ing device, which directly includes a stimuli-responsive
material as an active layer of an FET, and a method of manu-
facturing the same.

In one general aspect, a strain sensing device includes: a
flexible substrate; a gate electrode formed on the flexible
substrate; a gate insulating layer configured to cover the gate
electrode, and include a part formed of a flexible material; an
active layer formed of reduced graphene oxide (R-GO) for
sensing a strain, on the gate insulating layer; and a source and
drain electrode formed on the active layer.

The gate insulating layer may include: a first gate insulat-
ing layer formed of oxide deposited by an atomic layer depo-
sition (ALD) process, on the gate electrode; a second gate
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2

insulating layer formed of a flexible material, on the first gate
insulating layer; and a third gate insulating layer formed of
oxide deposited by the ALD process, on the second gate
insulating layer.

The strain sensing device may further include a self-as-
sembled monolayer (SAM) formed on the third gate insulat-
ing layer.

Graphene oxide formed by a graphite striping method may
be adsorbed onto the SAM in a networked type, and by
reducing the graphene oxide, the active layer may be formed.

The strain sensing device may further include an encapsu-
lation layer formed of a hydrophobic material, and configured
to at least cover the active layer.

In another general aspect, a method of manufacturing a
strain sensing device includes: forming a gate electrode on a
flexible substrate by using e-beam evaporation process using
a shadow mask; forming a gate insulating layer including a
flexible material on the gate electrode; forming an active layer
on the gate insulating layer, the active layer being formed of
reduced graphene oxide (R-GO) for sensing a strain; and
forming a source and drain electrode on the active layer by
using a thermal evaporation process using the shadow mask.

The forming of a gate insulating layer may include: depos-
iting oxide on the gate electrode by using an atomic layer
deposition (ALD) process to form a first gate insulating layer;
spin-coating a polymer material on the first gate insulating
layer to form a second gate insulating layer; and depositing
oxide on the second gate insulating layer by using the ALD
process to form a third gate insulating layer.

The method may further include, after the forming of a
third gate insulating layer, forming a self-assembled mono-
layer (SAM) on the third gate insulating layer.

The forming of an active layer may include: adsorbing
graphene oxide, formed by a graphite striping method, onto
the SAM; and exposing the graphene oxide to hydrazine
hydrate vapor to reduce the graphene oxide.

The method may further include, before the forming of a
gate electrode, spin-coating a polymer material on the flexible
substrate to form bare layer.

The method may further include, after the forming of a
source and drain electrode, forming an encapsulation layer,
which at least covers the active layer, by using a hydrophobic
material.

The forming of an encapsulation layer may include:
annealing all elements including the active layer; and forming
the encapsulation layer to at least cover the active layer.

Other features and aspects will be apparent from the fol-
lowing detailed description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 11s a flowchart illustrating a method of manufacturing
an FET including a reduced graphene oxide (R-GO) active
layer, according to an embodiment of the present invention.

FIGS. 2A to 2] are cross-sectional views illustrating a
process of manufacturing an R-GO FET, according to an
embodiment of the present invention.

FIGS. 3A and 3B show a transfer characteristic of the
R-GO FET according to an embodiment of the present inven-
tion with respect to a tensile strain and compressive strain of
0.1% to 0.35%.

FIG. 4 shows, as a function of a measured tensile strain and
compressive strain, the minimum source-drain current at a
charge neutrality point (CNP) of transfer curves of FIGS. 3A
and 3B.
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FIG. 5 shows a resistance of an R-GO thin film obtained
from a current I, which is measured when a gate voltage is
not applied.

FIG. 6 shows a change in field-effect mobility due to a
tensile strain and a compressive strain.

FIG. 7 shows, as a function of a tensile strain and compres-
sive strain, CNP movement of an R-GO FET according to an
embodiment of the present invention.

FIGS. 8A and 8B show sensing characteristics measured
under a repeated strain condition.

FIGS. 9A and 9B show a time dependence of I,/1,,¢, of
the R-GO FET according to an embodiment of the present
invention with respect to a tensile strain and compressive
strain of 0.1% to 0.3%.

FIGS.10A and 10B show sensing performance when strain
is dynamically applied under an ambient condition.

FIGS. 11A to 11D show sensing performance, repeatabil-
ity, a response time, and a relaxation time, which are mea-
sured after a device is periodically bent.

FIGS. 12A and 12B show performances (which are mea-
sured with respect to motions of a human body) of an R-GO
FET strain sensing device according to an embodiment of the
present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

The advantages, features and aspects of the present inven-
tion will become apparent from the following description of
the embodiments with reference to the accompanying draw-
ings, which is set forth hereinafter. The present invention
may, however, be embodied in different forms and should not
be construed as limited to the embodiments set forth herein.
Rather, these embodiments are provided so that this disclo-
sure will be thorough and complete, and will fully convey the
scope of the present invention to those skilled in the art.

The terms used herein are for the purpose of describing
particular embodiments only and are not intended to be lim-
iting of example embodiments. As used herein, the singular
forms “a,” “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises” and/
or “comprising,” when used in this specification, specify the
presence of stated features, integers, steps, operations, ele-
ments, and/or components, but do not preclude the presence
or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.

Hereinafter, a strain sensing device using R-GO and a
method of manufacturing the same according to embodi-
ments of the present invention will be described in detail with
reference to the accompanying drawings.

FIG.11is aflowchart illustrating a method of manufacturing
an EFT including a reduced graphene oxide (R-GO) active
layer, according to an embodiment of the present invention.
FIGS. 2A to 2] are cross-sectional illustrating a process of
manufacturing are R-GO FET, according to an embodiment
of the present invention.

Referring to FIGS. 2A to 2J, The FET including the R-GO
active layer according to an embodiment of the present inven-
tion includes a flexible polyethersulfone (PES) substrate 10, a
bare layer 20 that is formed on the flexible PES substrate 10,
a gate electrode 30 that is formed on the bare layer 20, a
plurality of gate insulating layers 40, 50 and 60 that have a
triple structure and cover the gate electrode 30, a self-as-
sembled monolayer (SAM) 70 that is formed on the gate
insulating layer 60, an active layer 80 that is formed of R-GO
for sensing a strain and on the SAM 70, a source and drain
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4

electrode 90 that is formed on the active layer 80, and an
encapsulation layer 100 that is formed on the source and drain
electrode 90.

The R-GO FET, which is a strain sensing device according
to an embodiment of the present invention, includes an active
layer formed of networked R-GO nanosheet. Even when a
love-level strain is applied due to slight coupling between
adjacent nanosheets an inter-nanosheet resistance R,,,,,, is
greatly changed, causing a great change in a transconduc-
tance of the R-GO FET. Therefore, a highly-sensitive strain
sensing device for sensing a low-level strain of about 0.02%
can be realized.

The R-GO FET is formed on a flexible substrate, and a gate
insulating layer including a flexible material is formed in a
triple structure for securing flexibility. The strain sensing
device may be applied to flexible or elastic electronic devices.

Moreover, annealing of a device is performed in a vacuum
state, and the device is capsulized by an encapsulation layer
formed of an organic material, thereby obtaining high stabil-
ity and reproducibility.

A method of manufacturing the R-GO FET according to an
embodiment of the present invention will be described in
detail.

As illustrated in FIG. 1 and FIGS. 2A to 2], the PES
substrate 10 is provided in operation S110. In operation S120,
the bare layer 20 is formed by spin-coating poly-4-vinyl
phenol (PVP) on the RES substrate 10 which is flexible and
transparent. A thickness of the bare layer 20 is about 400 nm,
for reducing a roughness of the PES substrate 10.

In this case, a material of the substrate 10 is not limited to
PES, and a transparent and flexible substrate may be formed
of another material. Also, the bare layer 20 may use various
polymer materials in addition to PVP.

Inoperation S130, nickel (Ni) is deposited on the bare layer
20 by using an e-beam evaporation process using a shadow
mask, thereby forming the gate electrode 30. Here, a thick-
ness of the gate electrode 30 is about 100 nm.

The R-GO FET according to an embodiment of the present
invention is formed on a flexible substrate so as to be applied
to a flexible device, and for securing a flexibility of a device,
a plurality of gate insulating layers are formed in a triple
structure.

First, in operation S140, Al,0; having a thickness of about
20nm is deposited on the gate electrode 30 by using an atomic
layer deposition (ALD) process, thereby forming a first gate
insulating layer 40.

Subsequently, in operation S140, PVP having a thickness
of about 400 nm is spin-coated on the first gate insulating
layer 40, thereby forming a second gate insulating layer 50.

Moreover, in operation S140, Al,0; having a thickness of
about 20 nm is deposited on the second gate insulating layer
50 by using the ALD process, thereby forming a third gate
insulating layer 60.

In this way, the first to third gate insulating layers 40, 50
and 60 are formed in a triple structure, thereby securing both
insulation performance and flexibility.

In this case, materials of the first and third gate insulating
layers 40 and 60 are not limited to aluminum oxide, and may
use all oxides, which are deposited by a low-temperature
ALD process, such as HfO, and ZrO,. Also, the second gate
insulating layer 50 may use another polymer material in addi-
tion to PVP.

Subsequently, in operation S170, the SAM 70 is formed of
poly (diallyldimethylammonium chloride) (PDDA) on the
third gate insulating layer 60. Therefore, a graphene oxide



US 9,291,513 B2

5

nanosheet is easily adsorbed onto an insulating layer, and
thus, a thin and continuous graphene oxide network is
formed.

Here, formation of the SAM 70 is not limited to a method
of using PDDA, and the same result can be obtained even
when the SAM 70 is formed of another amine group such as
APTMS, APTES, or the like.

In operation S180, the active layer 80 formed of R-GO is
formed on the SAM 70. In a method of forming the active
layer 80, graphene oxide is adsorbed onto a gate insulating
layer including an SAM strained by PDDA, by using a
graphene oxide aqueous solution (0.2 mg/ml.) of a graphene
oxide nanosheet formed by a graphite striping method of
Hummer. An adsorbed and networked graphene oxide layeris
exposed to hydrazine hydrate vapor at about 40 degrees C. for
18 hours to thereby be reduced, thereby forming an R-GO
layer 80 that is the active layer 80 of the FET.

The R-GO layer 80 acts as the active layer 80 of the FET,
and moreover, since an electrical resistance is changed by a
very low-level strain, the R-GO layer 80 may act as a strain
sensing layer.

A change in an electrical conductivity of a networked
R-GO thin film is caused when an intra-nanosheet resistance
R,,,-, and an inter-nanosheet resistance R, ,.,. are changed by
a strain. The R-GO thin film has a high inter-nanosheet resis-
tance dueto slight coupling between adjacent nanosheets, and
thus, even when a low-level strain is applied to the R-GO thin
film, the inter-nanosheet resistance R,, . is greatly changed,
causing a great change in a transconductance of the R-GO
FET.

A strain sensing performance of the R-GO FET will be
described below.

After the active layer 80 is formed, the source and drain
electrode 90 is formed by thermally evaporating gold (Au) to
a thickness of about 50 nm and chromium (Cr) to a thickness
of'about 5 nm by using a shadow mask, in operation S190.

In a sensor using a stimuli-responsive FET, an electrical
stability of a device is very important, but a defect and disor-
der of an R-GO thin film configuring an active layer of an FET
causes hysteresis because being very sensitive to an ambient
environment.

To solve such a problem, in the FET including the R-GO
active layer according to an embodiment of the present inven-
tion, the encapsulation layer 100 is formed on a finished FET
in operation S200.

The encapsulation layer 100 is formed of tetratetracontane
(TTC, CH;(CH,),,CH;). The encapsulation layer 100
improves a performance of the R-GO FET, and removes
electrical instability that is caused because the R-GO active
layer adsorbs ambient oxygen or moisture.

That is, the R-GO FET formed through operations S110 to
S190 are annealed for 3 hours under a high vacuum state of
about 10~° Torr and a temperature of about 150 degrees C. to
remove adsorbed molecules, and the encapsulation layer 100
covers the R-GO FET. A TTC layer having high hydropho-
bicity minimizes adsorption of a polar solvent such as vapor,
thereby protecting the active layer of the R-GO FET.

According to an embodiment of the present invention,
sixteen the R-GO FETs may be manufactured in a region of
193 mm? by the above-described method of manufacturing
the R-GO FET.

FIGS. 3A and 3B show a transfer characteristic of the
R-GOFET according to an embodiment of the present inven-
tion with respect to a tensile strain and compressive strain of
0.1% to 0.35%, and shows a result that is obtained by chang-
ing a voltage V ; to measure a current [,¢ in a state of main-
taining a source-drain voltage V¢ as about 3 V.
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As shown in FIG. 3A, when tensile strain s applied, the
current I, . decreases. As shown in FIG. 3B, when a compres-
sive strain is applied, the current [, increases.

FIG. 4 shows, as a function of a measured tensile strain and
compressive strain, the minimum source-drain current I .,
at a charge neutrality point (CNP) of transfer curves of FIGS.
3A and 3B.

A current I, ., response to the tensile strain is opposite to
acurrent I 55 ., response to the compressive strain. In detail,
when the compressive strain increases, the current I, .,
increases, and when the tensile strain is applied, the current
I, min decreases.

To describe a strain sensing mechanism of the R-GO FET,
a resistance of an R-GO channel is changed by a strain to
cause a change in the current I, of a device. An inter-
nanosheet resistance R, of a networked R-GO thin film is
changed when charge-hopping transport based on coupling of
a nanosheet junction and carrier mobility are changed. A
change amount of the inter-nanosheet resistance can greatly
increase due to an applied strain. The tensile strain reduces the
coupling of the nanosheet junction, and increases an inter-
nanosheet resistance of the networked R-GO thin film, caus-
ing a reduction in the current I,;. On the other hand, the
current I, increases when the compressive strain increases,
and thus, the coupling of the nanosheet junction is reinforced
by the compressive strain, causing a reduction in the resis-
tance of the R-GO channel.

FIG. 5 shows a resistance of an R-GO thin film obtained
from a current I, Which is measured when a gate voltage is
not applied, and is for clarifying that a current I ,c change due
to the tensile or compressive strain is caused by coupling
between adjacent nanosheets instead of interference by a
capacitance of the gate insulating layer.

A result shown in FIG. 5 shows that the current I, change
due to the tensile or compressive strain is caused by a resis-
tance change of the R-GO channel.

FIG. 6 shows a change in field-effect mobility due to the
tensile strain and the compressive strain.

Field-effect mobility 1 is extracted from a transfer char-
acteristic of the R-GO FET, for clarifying influences of the
tensile and compressive strains on a channel resistance
change of the R-GO FET along with a strain sensing mecha-
nism of a device.

An influence of a potential barrier (PB) on a field-effect
mobility [ of the R-GO channel has been studied for under-
standing a field-effect mobility p., change direction of the
R-GO FET with the tensile or compressive strain applied
thereto. A PB size between a nanoparticle (which affects
hopping transport or carrier mobility) and a separate compo-
nent of a nanowire is dependent on coupling between separate
components. Similarly, a coupling condition between adja-
cent two-dimensional (2D) R-GO nanosheets in a channel
affects a degree of overlap or a gap between R-GO nanosheets
in the nanosheet junction, and allows a junction region and a
PB size to be determined. The junction region and the PB size
affects carrier-hopping transport and the field-effect mobility
Lz of the R-GO FET, causing a change in each of the field-
effect mobility ., and the inter-nanosheet resistance R,,,..,.-
Under the tensile strain, the junction region decreases, a large
gap of the networked R-GO thin film limits movement of
carriers, scattering increases to cause a reduction in the field-
effect mobility [, thereby increasing the inter-nanosheet
resistance R, of the R-GO channel. On the other hand, an
increase in the field-effect mobility |1, and a decrease in the
inter-nanosheet resistance R ... due to the compressive strain

inter

are caused by a reduction in the PB size, and as the junction
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region in the nanosheet junction increases, carrier scattering
decreases, and hopping transport increases.

FIG. 7 shows, as a function of the tensile strain and com-
pressive strain, CNP movement of the R-GO FET according
to an embodiment of the present invention.

A gate capacitance decreases under the compressive strain,
and under the tensile strain, the gate capacitance increases. A
capacitance change is caused by a change in a thickness of an
insulation layer based on a Poisson effect. Therefore, a CNP
change caused by the tensile and compressive strains may be
predicted by a capacitance change of the gate insulating layer.

FIGS. 8A and 8B show sensing characteristics measured
under a repeated strain condition, and shows results that are
obtained by measuring the current I, with time with respect
to various tensile stains (FIG. 8A) and compressive strains
(FIG. 8B).

As shown in FIGS. 8A and 8B, a normalized current “I,, ¢/
1550 (Ips: @ current under a strain, and 1,4, a current when
there is no strain)” shows time dependence on very small
tensile and compressive strains of about 0.02% to about
0.08%. Such a result shows that the R-GO FET according to
the present invention may be used as a highly-sensitive strain
sensor for sensing small tensile and compressive strains of
about 0.02%.

FIGS. 9A and 9B show a time dependence of the normal-
ized current “I,¢/1,4,” of the R-GO FET according to an
embodiment of the present invention with respect to a tensile
strain (FIG. 9A) and compressive strain (FIG. 9B) of about
0.1% to about 0.3%.

In this case, FIGS. 9A and 9B show that a time taken in
applying and releasing a strain is one second, and a response
and relaxation time of a device is one second, and shows
performances in which the R-GO FET according to an
embodiment of the present invention dynamically responds
and relaxes to the tensile and compressive strain.

FIGS. 10A and 10B shows sensing performance when
strain is dynamically applied under an ambient condition, and
show results that are obtained by evaluating stability and
repeatability for evaluating a reliability of a strain response of
the R-GO FET according to an embodiment of the present
invention.

FIGS. 10A and 10B show results that are obtained by
monitoring the current I,,¢ with time in response to 50 cycles
in which the tensile strain (FIG. 10A) and the compressive
strain (FIG. 10B) are applied.

Here, the tensile and compressive strains maintain about
0.3%, an interval between an application and release of a
strain is about two seconds for each cycle, and a time taken
until the tensile and compressive strains reach about 0.3% is
one second. Except a slight change in each of sensitivity and
abase current, the R-GO FET according to an embodiment of
the present invention shows good repeatability a current
response and relaxation time during a tensile and compressive
strain cycle. Based on such a result, it can be seen that the
R-GOFET according to an embodiment of the present inven-
tion is very stable in repetitive response to dynamic tensile
and compressive strains even after a repetitive mechanical
strain.

FIGS. 11A to 11D show sensing performance, repeatabil-
ity, a response time, and a relaxation time, which are mea-
sured after a device is periodically bent.

FIGS. 11A and 11B show changes in the normalized cur-
rent “1,,J/1,,5,” dueto the tensile and compressive strains after
a device is periodically bent at a strain of about 0.2% during
bending cycles “10, 100, 1,000, and 10,000”. A stable current
“Ips/Ipso” response to the tensile and compressive strains
after periodic bending shows that the R-GO FET according to
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anembodiment of the present invention has high repeatability
in sensing performance including a current response, a
response time, and a relaxation time.

FIGS. 11C and 11D show that sensing performance, a
repeatability of a normalized current, a response time, and a
relaxation time are hardly changed even after a device is
periodically bent at a higher strain of about 0.35%. After a
bending cycle “10,000”, the current I,,¢ increases, but the
sensing performance, the repeatability of the current, the
response time, and the relaxation time are not changed.

FIGS. 12A and 12B show performances (which re mea-
sured with respect to motions of a human body) of the R-GO
FET strain sensing device according to an embodiment of the
present invention, for showing a possibility that the R-GO
FET strain sensing device according to an embodiment of the
present invention is applied to various application fields such
as health state monitoring, smart surgical gloves, human-
machine interfaces, etc. To this end, a PES substrate with the
R-GO FET strain sensing device provided thereon is attached
to a thumb.

FIGS. 12A and 12B show results that are obtained by
recording a current I, response to a motion of bending a
finger under conditions “V =3V and V ;-5V”. The current
1,sdecrease and increase quickly. This matches a response of
a device to the tensile and compressive stains based on a
motion (see FIG. 12A) of and bending a thumb and a motion
(see FIG. 12B) of downward bending the thumb. Also, the
current I, is recovered to the original current value after a
motion cycle of bending and relaxing a finger.

According to the present invention, provided can be a
highly-sensitive FET sensor for sensing a tensile strain and
compressive strain of 0.02% and a method of manufacturing
the same.

The strain sensing device according to the present inven-
tion can be manufactured at a high density on a flexible
substrate by using a general process, and can be easily applied
to a flexible or elastic electronic device due to a flexibility of
a device itself. Accordingly, a product that is very stable and
reliable in mechanism can be produced. Also, the encapsula-
tion layer protects the active layer from an ambient environ-
ment, thereby ensuring a stability of a device.

The strain sensing device according to the present inven-
tion has good sensing performance, stability, reproducibility,
and response. Therefore, the strain sensing device can be
stably maintained even after a mechanical strain in which a
relaxation time is repeated, and can accurately and quickly
sense a small and fast motion of a human body.

A number of exemplary embodiments have been described
above. Nevertheless, it will be understood that various modi-
fications may be made. For example, suitable results may be
achieved if the described techniques are performed in a dif-
ferent order and/or if components in a described system,
architecture, device, or circuit are combined in a different
manner and/or replaced or supplemented by other compo-
nents or their equivalents. Accordingly, other implementa-
tions are within the scope of the following claims.

What is claimed is:

1. A strain sensing device comprising:

a flexible substrate;

a gate electrode formed on the flexible substrate;

a gate insulating layer configured to cover the gate elec-
trode, and include a part formed of a flexible material,
the gate insulating layer including:

a first gate insulating layer formed of oxide deposited by
an atomic layer deposition (ALD) process, on the gate
electrode;
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a second gate insulating layer formed of a flexible mate-
rial, on the first gate insulating layer; and

a third gate insulating layer formed of oxide deposited
by the ALD process, on the second gate insulating
layer;

an active layer formed of reduced graphene oxide (R-GO)

for sensing a strain, on the gate insulating layer;
asource and drain electrode formed on the active layer; and

a self-assembled monolayer (SAM) formed on the third

gate insulating layer.

2. The strain sensing device of claim 1, wherein graphene
oxide formed by a graphite striping method is adsorbed onto
the SAM in a networked type, and by reducing the graphene
oxide, the active layer is formed.

3. The strain sensing device of claim 1, further comprising
an encapsulation layer formed of a hydrophobic material, and
configured to at least cover the active layer.

4. The strain sensing device of claim 1, further comprising
a bare layer formed on the flexible substrate, wherein the gate
electrode is formed on the bare layer.

5. The strain sensing device of claim 1, wherein the first and
third gate insulating layers are formed of aluminum oxide.

6. The strain sensing device of claim 1, wherein the first and
third gate insulating layers are formed of HfO,.

7. The strain sensing device of claim 1, wherein the first and
third gate insulating layers are formed of ZrO,.

8. The strain sensing device of claim 1, wherein the second
gate insulating layers is formed of poly-4-vinyl phenol
(PVP).
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